Natural selection favors organisms that are the most successful in fitness-related 18 behaviors such as foraging. Secondary adaptations pose the problem of re-adapting an 19 already 'optimized' phenotype to new constraints. When animals forage underwater, they 20 face strong physical constraints, particularly when capturing prey. Successful prey capture 21 requires a predator to be fast and to generate a high acceleration. This involves two main 22 constraints due to the surrounding fluid: drag and added mass. Both constraints are related 23 to the shape of the animal. We experimentally explore the relationship between shape and 24 performance in the context of an aquatic snake strike. As a model, we use two different 3D-25 printed snake heads representing typical shapes of aquatically-foraging and non-aquatically-26 foraging snakes, and frontal strike kinematics based on in vivo observations. By using direct 27 force measurements, we compare the drag and added mass faced by the aquatic and non-28 aquatic snake models during a strike. Our results show that both drag and added mass are 29 optimized in aquatic snakes. Using flow field measurements with particle image 30 velocimetry, we examine the fluid dynamical mechanisms that could be behind the reduction 31 of hydrodynamic constraints observed for the aquatic snake head shape, which makes it well 32 suited to capture prey under water. 33 34 35
Introduction
mechanosensitivity of aquatic prey like fish. The lateral line system of fish is composed of 84 mechanoreceptors that can detect very small pressure variations with an estimated threshold 85 of 0.1 to 1 mPa at 1 mm 21,22 . This system triggers a reflex escape response in the prey once 86 a pressure threshold has been reached. Previous studies have suggested that a snake moving 87 underwater generates a bow wave that might be able to trigger the reflex response of the prey 88 11,14 . We tested this hypothesis and predicted that aquatic snakes should be stealthier than 89 non-aquatic snakes during the strike such that the detection of the predator by the prey would 90 be delayed. 91 We use direct force measurements on two 3D printed models of snake heads derived 92 from our previous work based on the comparison of 83 species of snakes 16 (i.e. more than 93 400 snake specimens). As these models results from a 3D geometric morphometric analysis, 94 the models are scaled to the same size, allowing us to specifically test for the impact of shape 95 on hydrodynamic constraints. Our experimental setup mimics a 'sit-and-wait' frontal strike 96 under water, meaning that the model remains motionless before the strike and is then 97 suddenly accelerated to reach an almost constant speed for a short time. We compared obs.). The force applied to the head during the strike was recorded to characterize the added 101 mass and drag, which determine the hydrodynamic efficiency of a strike. In addition, another 102 sensor was placed at the end of the strike track to assess the distance at which a prey is likely 103 to detect the presence of the snake during capture. Particle Image Velocimetry (PIV) was 104 used to visualize the flow field around the head during a strike. We also characterized the 105 evolution of the vortex intensity during a strike for each shape, as it is closely related to the 106 hydrodynamic forces generated by a moving object 23-25 .
107

Material & Methods
108
3D models 109 We compared two models that we termed "aquatic" and "non-aquatic" (Fig. 1 ). These 110 shapes result from a 3D geometric morphometric study showing that the head shape of 111 aquatic snake species has converged, possibly in response to the hydrodynamic constraints 112 involved during prey capture under water 16 . We compared the hydrodynamic forces that are 113 exerted on each of the head shapes during a simulated capture event. The geometric 114 morphometric analysis allows to extract shapes independent of variation of size such that the 115 shapes are directly comparable to one another. In a next step we opened the mouth of the 116 models as snake use to attack their prey with the mouth open. We used Blender™ to rotate 117 the jaw and the top of the head to reach an angle of 70° based on previously published data 118 on frontal strikes in snakes 14, 26, 27 . The two models were then 3D printed using a Stratasys 119 Fortus 250 MC 3D printer with ABS P430 as a material ( Fig. 2a .).
121
Figure 1: 3D models of the head shape of non-aquatic (left) versus aquatic snakes (right)
122 in front, side and top view. 123 
Experimental setup 124
Snakes capture their prey using high acceleration forward motions that we mimicked 125 using springs ( Fig. 2a ). We generated a range of speeds and accelerations by applying a 126 different compression on the spring. We used a force sensor FUTEK LSB210+/-2 Lb to 127 6 record the force exerted on the models which were positioned horizontally inside a water 128 tank. This sensor was attached to the model using an aluminum rod and recorded the axial 129 forces applied to the head during a strike. The other side of the sensor was attached to a 130 bracket (sensor 1, Fig. 2a ) that was itself hooked on the movable part of an air-bearing rail 131 that allows the system to remain frictionless. This movable part was compressed against the 132 spring and suddenly released. The length of the path was 20cm. Approximately 60 trials (i.e. 133 spring compressions) were done for each model. To obtain the kinematics of each strike, we 134 recorded the position of the movable part using a position sensor (optoNCDT1420, Micro-135 Epsilon) ( Fig. 2a ).
136
In addition, we wanted to assess what a prey would sense in terms of pressure, so we 137 placed another, more sensitive, force sensor (FUTEK LSB210 100 g) at the end of the path 138 to which we attached a round plastic piece of diameter 7 cm that allowed us to record the 139 pressure changes (sensor 2, Fig. 2a ). This sensor provided information about the distance at 140 which a prey could potentially detect the presence of a snake during a strike. The force and 141 position sensors were synchronized, and data were recorded at 1 kHz. 146 used to calculate the hydrodynamic forces are indicated. 147 Drag coefficient and added mass 148 The first part of the strike is the acceleration phase during which the velocity 149 increases. This phase corresponds to the decompression of the spring. It is correlated with a 150 dramatic increase in the force that is applied to the snake head model (red line, sensor 1, Fig.   151 2). Once the springs are completely decompressed, the system is no longer accelerating, and 152 the velocity decreases slowly. In parallel, the force applied to the model decreases until it 153 reaches a plateau-like phase ( Fig. 2b) . Then, the system hits the stop at the end of the track 154 and moves backward generating a large drop in both velocity and force signaling the end of 155 the trial.
line) and velocity (blue line) during one trial (i.e. one strike). The plateau and peak force
156
During the plateau phase ( Fig. 2b) , the only force that is applied to the model and 157 thus, the only force that is recorded by the sensor is the drag force. Thus, we used the average 158 force recorded during this phase (Fd) to calculate the drag coefficient (Cd) of both of our 159 models by using the standard definition 2 :
where is the drag force,  is the density of water, the velocity of the object and its 162 projected frontal surface area, which was measured at 12.89 cm² for the aquatic model and 163 14.72 cm² for the non-aquatic model. The term 2 / was plotted against ² and the linear 164 regression coefficient corresponds to the drag coefficient of the models (Fig. 3 ). The
165
Reynolds number range of our experiments is 1.10 4 -7.10 4 .
166
During the acceleration phase, both drag and inertial forces are at play, meaning that 167 the peak force (Fpeak, Fig. 2b ) recorded by the force sensor is composed of these two forces.
168
To calculate the added mass generated by both models, we used the following calculation 169 steps for each trial, we first calculated the inertial force by subtracting the instantaneous drag 170 force from the peak force measured by the sensor:
where Fi is the inertial force applied to the model and Fd(t) is the instantaneous drag force 173 when the acceleration reaches its maximum:
Here  is the density of water, U(t1) the velocity at the instant the acceleration is maximal 176 and the projected frontal surface area of each model. Now, the added mass M can be 177 computed as:
where m is the mass of the object, and a the acceleration.
180
Finally, the added mass coefficient (Ca) 2 :
where is the volume of the model: 7.33.10 -5 m 3 for the aquatic model and 5.78.10 -5 m 3 for 183 the non-aquatic model.
184
The added mass coefficient was obtained by plotting the added mass term ( − )/ , 185 against the acceleration (a). The linear regression coefficient corresponds to the added mass 186 coefficient of the models (Fig. 4 ).
187
Detection distance 188 To compare the effect of the head shape on the detection by a possible prey we used 189 the output of the second force sensor (sensor 2, Fig. 2a ). This sensor can detect pressure of the strike is plotted in Fig. 6b .
212
Statistical analyses 213
To test for differences between the drag coefficients of the two shapes, we ran a factor, and the velocity as covariate. All the variables were Log10-transformed and the 219 statistical analyses were performed using R 31 . The significance level was set at 5%.
220
Results
221
Drag and added mass 222 The drag coefficient of the non-aquatic shape is higher than the coefficient of the The slopes correspond to the added mass coefficient of each shape and the R² are the 237 regression coefficients. Squares: non-aquatic model, circles: aquatic model. 238 Detection distance 239 The force signal was too noisy to get any accurate measures of the detection distance in the skull view is the opposite with the aquatic shape generating more overall circulation 273 but the difference between the two models is less important than for the jaw view. We note 274 also for the skull view that the computed value for the circulation is more variable. Drag is well known for its importance during steady locomotion. However, it is also 284 involved in transient behaviors such as the capture maneuver studied here. Certainly, the 285 aquatic shape appears better adapted to capture aquatic prey using a frontal strike than the 286 non-aquatic shape in terms of drag. The aquatic model has a drag coefficient that is almost 287 3 times smaller than the non-aquatic model. As mentioned above, drag in this fast-impulsive 288 maneuver is mainly pressure drag, which is intimately linked to the flow separation in the 289 near wake of the snake head as it moves. The PIV measurements illustrate the vortices that Nonetheless, from the present results we can conjecture that a reduction of the recirculation 300 bubble behind the jaw may be one of the main physical mechanisms explaining the physical 301 advantage of the head shape observed in aquatically foraging snakes.
302
Transient maneuvers under water, such as the underwater prey capture in snakes,
303
implicate an acceleration phase that not only involves drag but also inertia. Inertial forces 304 under water are associated with the mass of the object but also with a mass of the fluid that 305 is accelerated. Thus, the relationship between inertia and shape is not straightforward.
306
However, some studies suggested that an optimal body shape for transient propulsion, such 307 as a snake strike, would be an elongated, streamlined, and flexible body and non-muscle 308 mass reduction, which corresponds to a snake-like configuration 1,17 . To our knowledge, no 309 study to date has focused on the shape of the head and its role. In this study, we highlight 310 that the hydrodynamic forces associated with a transient maneuver are important in 311 comparison with drag (e.g. the peak of force in comparison with the plateau on Fig. 2) .
14
Moreover, we demonstrated that the aquatic shape allows to reduce the added mass and is 313 associated with a smaller added mass coefficient. This suggests that drag is not the only 314 driver of the evolution of head shape in aquatic snakes. Moreover, added mass and drag 315 optimization do not require divergent morphological features in the case of aquatic snake 316 strikes, unlike what suggested for the body shape of fish 17 .
317
Regarding the prey detection distance, our results show that this distance does not 318 depend on the snake head shape, but rather that it increases with strike velocity. However, 319 we cannot conclude on the biological relevance of the absolute prey detection distance 320 measured in our experiment as our setup was built with as primary purpose to measure drag 321 and added mass. Snakes usually strike when the prey is close to their head (e.g. 0.5-0.8 cm 322 for Erpeton tentaculatum 32 ; 4.87 cm for T. couchii; 2.81 cm for T rufipunctatus 33 ; less than 323 3 cm for Hydrophis schistosus 34 ). The detection distance measured here is around 6 to 10 324 cm, so we could consider that the prey can possibly detect the snake almost instantaneously 325 upon the strike initiation, the reaction time of a fish being around 7 ms 32 . Capture success 326 is thus more likely determined by the hydrodynamic profile of the snake head than being 327 dependent on the reaction of the prey.
328
In conclusion, we investigated the role of head shape on the hydrodynamic forces 329 generated by a predator using an experimental approach focusing on a transient maneuver. 330 We were able here to quantify the role and impact of head shape in the hydrodynamics of 331 prey capture in aquatic snakes. We highlighted a clear hydrodynamic advantage of the 332 aquatic head shape when capturing a prey being associated not only with a smaller drag 333 coefficient but also a smaller added mass coefficient. These results validate the hypothesis 334 that the morphological convergence of the head shape in aquatic snakes is an adaptation to 335 an aquatic lifestyle as it provides a clear hydrodynamic advantage. In this work, we focused 336 on the shape of the head of aquatically foraging snakes, as several studies have highlighted 337 convergence therein, and as shape plays a crucial role in the hydrodynamic constraints as 338 well. Size could be an important feature regarding the hydrodynamic constraints. However, 339 we did not detect any allometry in our morphological study, meaning that the aquatically remains to be investigated.
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